The need to accurately estimate gaseous nitrogen losses from soils is required to have a better understanding of the processes involved as well as soil and environmental conditions, and management practices contributing to these emissions. The objective was to quantify the denitrification rate using undisturbed cores with acetylene, as related to nitrogen (N) fertilization rate in a spring wheat crop (Triticum aestivum L.) under conventional tillage. Soil denitrification losses remained low throughout most of the growing season, when water-filled pore space (WFPS) was below 60%, ranging from 0.79 to 447.3 g N2O-N ha −1 •day −1 in the fertilized plot and was less than 47.3 g N2O-N ha −1 •day −1 in the control. Denitrification rates were the highest when N fertilizer was applied after frequent and intensive rain. A good correlation was found between the logarithm of the daily denitrification rate and WFPS (r = 0.67, n = 90); however the NO3-N concentration was not a good indicator (r = 0.21, n = 90). Cumulative N2O-N losses by denitrification averaged 3.5 and 0.9 kg N2O-N ha −1 in the fertilized and unfertilized treatment, respectively, during a period of 4 months this difference was not significant. Most N2O-N losses occurred early in the spring; therefore sampling schedules need to focus on this period.
Introduction
The intensive use of natural resources by man, especially non-renewable natural resources has led to a gradual degradation of environmental quality, compromising the sustainability of ecosystems. One consequence of this intensification is global warming, caused by increasing concentration of atmospheric greenhouse gases such as nitrous oxide (N 2 O). Comparatively, N 2 O has a global warming potential 298 times higher than CO 2 over a 100-year time horizon [1] . This gas accounts for about 8% of the global annual emissions of anthropogenic greenhouse gases, and its concentration has increased considerably over the past few decades and continues to increase at an annual rate of 0.25% [1] .
Nitrous oxide is produced in soils by microbial transformations during nitrification and denitrification processes [2] . Nitrification is the dominant process contributing to N 2 O emissions at water-filled pore space (WFPS) between 35% and 60% [3] while denitrification increases with increasing WFPS above 60% [4] . Therefore, denitrification is considered as the predominant pathway responsible for N 2 O production, particularly under humid climates, and in very wet and waterlogged soils [5] [6] . Soil water content is commonly identified as the most important regulator of soil denitrification [7] , but this process is also controlled by nitrate (NO 3 -N) concentration, available carbon (C) and other soil properties such as temperature and pH [8] . Due to the complex interactions among these factors, large temporal and spatial variations of N 2 O emissions are usually observed in cropland soils.
The soil and crop management practices can also regulate the N 2 O emissions through its effect on the mentioned soil properties. One agricultural management practice is the application of nitrogen (N) fertilizers that provides substrate for denitrification. Several studies have shown that the N 2 O emissions from agricultural soils increase with N application [9] - [12] . Worldwide, IPCC [1] has estimated that the emission factor is 1% of applied N. Zhang et al. [13] reported N losses by denitrification that increase with the fertilization rate, ranging from 0.28% to 0.49% of the applied N fertilizer in a winter wheat crop. In contrast, a study that evaluated the effects of water table management on denitrification during the corn growing season, showed no consistent differences between 120 and 200 kg N ha −1 rates [14] . The synchrony between the supply and demand of N is an important factor in determining the availability of soil N and release of N 2 O from agricultural soils. Fertilizer N application prior to crop planting results in increased soil N with no N uptake by plant and greater potential of N 2 O emissions. However, if the N fertilizer is used efficiently by the crop, for example by adjusting N applications to crop needs, less N 2 O should be generated and released to the atmosphere. In fact, in study conducted on maize crop under no-tillage, denitrification losses were greater when urea was applied at planting than those when fertilizer was applied at six leaf stage (V6) [10] .
The Pampas region is the main producer of maize, wheat, sunflower and soybeans in Argentina and is one of the most important agricultural areas in the world [15] , with climatic and soil conditions suitable for grain crop production. This region includes several sub-regions, one of which is the southeastern area of Buenos Aires province, with a cropped area of 0.7 million ha and a wheat production of 2.5 million Mg [16] . Field experiments conducted in that area have shown that the wheat crop yield has increased an average rate of 38 kg•ha −1 • yr −1 , as a result of increments in applied N; however the N recovery efficiency in grain plant was low, ranging on average from 32% to 41% [17] , depending on the timing of N fertilizer application and weather conditions. Then, it is probably that some mechanism of N loss is occurring in the soil and may help to explain the low N use efficiency by plants. In fact, the southeast wheat belt is characterized by a high probability of rainfall during the fallow and the early stages of the wheat crop periods, along with low evaporative demand [18] . This situation combined with availability of NO 3 -N from mineralization of organic N during the fallow period or from applied N fertilizer at sowing, likely results in favorable conditions for denitrification and associated N 2 O emissions.
In Argentina, the total greenhouse gas emissions were estimated at 238702.9 Gg of CO 2 equivalents in 2000. Of this amount, N 2 O emissions from agricultural activities accounted for approximately 43% [19] . The estimation of Argentina's greenhouse gas emissions is based on the IPCC methodology, which includes gas emission factors based on international gas emission studies. Research on N 2 O emissions in Argentina is crucial in order to set up an appropriate national inventory of greenhouse gases and to calculate the emission factors based on specific experimental measurements that could then be included in the IPCC methodology [20] . Therefore, more field investigation on N 2 O fluxes, about regulating factors and processes that contribute to N emissions, is needed to assess their contribution to the N cycling in order to adopt management practices leading to reduced emissions from agricultural soils. Therefore, the aims of this study were: 1) to quantify the denitrification rate related to N fertilization rate and 2) to identify the soil factors, such as water content and NO 3 -N concentration that control this process, in a wheat crop under conventional tillage.
Methods and Materials

Site Description
The denitrification measurements and the field experiment were conducted at the Balcarce-Experimental Station of the National Institute of Agricultural Technology (INTA), located in the southeastern area of Buenos Aires province, Argentina (37˚45'S lat. 58˚18'W long.; 130 m above sea level). The soil is a complex of a fine, mixed, thermic Typic Argiudoll and a fine, illitic, thermic Petrocalcic Paleudoll (USDA Soil Clasification). It has a loam texture, with an organic matter content of 58.4 g•kg −1 , 23.7 cmolc•kg −1 of cation-exchange capacity and a pH of 5.8 (ratio soil:water, 1:2.5) in the top soil (0 -20 cm depth).
The region has a humid-subhumid mesothermal climate with maximum and minimum monthly mean temperatures of 27.4˚C and 3.1˚C in January and July, respectively. The 40-yr average annual precipitation is 922.4 mm, 45% of which occurs during the growing season of wheat. Air temperature as well as precipitation during the experiment is shown in Figure 1. 
Experimental Design
The overall field experiment was designed to compare the effects of two tillage systems: no tillage (NT) and conventional tillage (CT), each with two rates of N fertilization: 0 and 120 kg N ha −1 . The experimental design was a split-plot arrangement set as a randomized complete block with three replications. Tillage systems were applied to the main plots while the two fertility treatments were applied to the subplots. However, measurements of denitrification fluxes were only made on the CT treatment. The CT consisted of disking to mix crop residues into the soil, one moldboard plowing to the depth of 20 cm followed by one to three disking to the depth of 8 to 10 cm, before wheat planting date. Plots were seeded with wheat (Triticum aestivum L.) in the second week of July and it was harvested early in December.
Nitrogen fertilizer was applied as urea at a rate of 120 kg N ha −1 and it was broadcasted on the soil surface, three days before wheat planting. At sowing, the experiments were fertilized with P as triple superphosphate at a rate of 31 kg P ha 
Denitrification Measurements
Denitrification rate measurements were made approximately weekly, during the wheat growing season, from early August (16 August) to mid-December (15 December) by the acetylene inhibition method [21] . Eight intact soil cores (4.2 cm in diameter by 15 cm long) were randomly taken from between rows in each plot using polyvinyl chloride cylinders (PVC) of 20-cm length. The cylinders were immediately brought to the lab, and both ends were capped with rubber stoppers, the upper stopper has a rubber septum for gas sampling. Approximately 10% of the headspace volume in the cylinder was removed using syringe and then an equivalent volume of acetylene (generated from calcium carbide and distilled water) was injected to the headspace. The cores were then incubated for 24 hours, outside in the shade. Gas samples were removed from each cylinder after 0 and 24 hours of incubation and subsequently stored in evacuated vials. The N 2 O concentration in a 1 mL gas sample was determined using a 5890 series-II Hewlett Packard (Palo Alto, CA) gas chromatograph equipped with a Porapak Q column at 35˚C and a 63 Ni-electron capture detector (ECD). The injector was set at 50˚C and the ECD at 300˚C, and the carrier gas was N 2 flowing at a rate of 15 mL•min −1 . Daily denitrification rates were calculated as the change in N 2 O concentration over the time using linear regression analysis. Denitrification rates were corrected for the N 2 O dissolved in the liquid phase using the Bunsen absorption coefficient [22] . Cumulative N 2 O losses over 4 months were calculated by interpolating linearly the daily denitrification rates between consecutives sampling dates and integrating the area.
Soil Measurements
At each date of denitrification rate measurement, the surface soil (0 -15 cm depth) was sampled by collecting soil cores beside each cylinder for determination of NO 3 -N and gravimetric water content. Soil NO 3 -N was extracted by shaking 20 g of field moist soil with 80 mL of 0.5 M K 2 SO 4 solution (extractant:soil ratio of 4:1, w:w) for 1 hour at 200 rpm, and then filtering through filter paper (Whatman N˚42). Filtrates were kept frozen until analyzed by steam distillation [23] . Gravimetric soil moisture was determined after oven drying of fresh subsamples at 105˚C for 24 hours.
Soil samples (0 -15 cm depth) for water-extractable organic C (WEOC) were taken monthly during the wheat growing season. The method of WEOC determination was adapted from Mebius [24] . Briefly, 10 g of fresh soil sample was shaken with 20 mL of distilled water for 30 min (140 rpm) and centrifuged at 19,500 g for 5 min. The supernatant was filtered through a 0.22 um membrane filter (Millipore Corp.) and analyzed for total organic C by dichromate oxidation in the presence of H 2 SO 4 , involving boiling and refluxing conditions during 30 min at 150˚C. The excess of dichromate was titrated with ferrous ammonium sulfate.
Soil bulk density was determined by the cylinder method [25] . Undisturbed soil cores (5 cm in diameter by 5 cm long) were taken from 0 to 15 cm depth. On average, bulk density was 1.20 Mg•m −3 in the CT plots. Gravimetric water content was converted to WFPS using the equation:
where: θ = gravimetric water content; δ = soil bulk density; ƒ = total soil porosity. Soil porosity was calculated from the average bulk density, assuming a particle density of 2.65 Mg•m −3 .
Statistical Analysis
The denitrification rate values were checked for normality using the Shapiro-Wilk test [26] , and they were log 10 transformed prior to statistical analysis due to the skewed distribution and unequal variance. The effect of fertilization rate on daily denitrification fluxes, WFPS, and NO 3 -N and WEOC contents was evaluated for each sampling date using the General Linear Model (GLM) procedure of SAS statistical program [27] . The PROC CORR function of SAS was used to determine the Pearson correlation coefficients between denitrification rates and NO 3 -N content using the individual data of each sampling date. A probability level of p = 0.05 was used to indicate significant differences.
Results and Discussion
Air Temperature and Precipitation
Over the 4-month evaluation period, the mean daily air temperature was 14.0˚C ± 5.0˚C, and ranged from 3˚C (3 August) to 24.4˚C (6 and 29 December). The coldest month was August with air temperatures below 10˚C, and the warmest months were November and December with average temperatures equal or above 16.8˚C ( Figure  1) . During the evaluation period, 38 days received precipitation, approximately 28% of the total period. Precipitations were more frequent and intensive in November and December, and less frequent in September. The lowest total precipitation occurred in September with only 4.9 mm of rainfall while the highest total precipitation was in October and November with 94.1 and 171.5 mm, respectively (Figure 1 ).
Soil Mineral Nitrogen, Water-Filled Pore Space and Water Extractable Organic Carbon
There was a significant effect of the fertilized treatment on NO 3 -N concentration in the 0 to 15 cm depth. Application of N fertilizer resulted in higher NO 3 -N concentrations (p < 0.05) in August, September, October and 17 November compared with the unfertilized treatment. Nitrate concentration was more than twice in the fertilized soil in comparison with the control soil. However, on 3, 8 and 22 November and during December, there were no differences (p > 0.05) in NO 3 -N level between both treatments (Figure 2) . The maximum value of soil NO 3 -N concentration of the control was 22.10 mg N kg −1 at the beginning of the growing season, and gradually decreased to low values in December, below 5.88 mg N kg −1 (Figure 2) . Previous study conducted in these soils also showed relatively low inorganic N contents early in the growing season of wheat related to the fertilized treatment [28] . This initial concentration could be attributed to mineralization and subsequent nitrification of organic N from previous crop residues. For this site, the mineralized organic N estimated during a wheat season under CT was 65 kg N ha −1 [29] . The highest content of NO 3 -N (82.22 mg N kg −1 ) was found shortly after 1 month fertilizer application (Figure 2 ) and represents 108 kg N ha −1 (subtracted the control), about 90% of the applied N. This result indicates that urea hydrolysis and NH 4 oxidation was almost completed during this time. Ferrari [30] reported that soils from the study area exhibit high urease activity, 43.8 mg N kg −1 •h −1 , and thus high potential for urea hydrolysis. On the other hand, Navarro et al. [31] measuring nitrification rates under laboratory conditions, found that there was no delay in the nitrification process even with the highest concentration of ammonium, suggesting a high density of nitrifying microorganisms. This peak in NO 3 -N content was followed by a sharp decrease, probably caused by a combination of immobilization, plant uptake and gas emission by denitrification/ nitrification. A second fall in inorganic N in mid-October coincided with the early stem elongation to anthesis wheat stages, the period during which the crop can accumulate up to 75% of total N in above-ground biomass at maturity [32] [33]. At wheat physiological maturity, the soil N content reached values similar to those measured in the control.
The WFPS was not affected (p > 0.05) by N application but fluctuated with time. It decreased from August to September, increased rapidly in response to rainfall events in October and November, and again decreased thereafter. The WFPS peaked on 16 August, 13 October and 8 November, reaching values higher than 50% ( Figure  3) . These values of water content correspond to aeration conditions that encourage N 2 O production by both nitrification and denitrification [34] . The highest value of WFPS, 70%, occurred immediately after several consecutive days of rain, corresponding to gravimetric water content of 0.36 g•g −1 which is higher than the water content at field capacity. Towards the end of the wheat growing season, the WFPS was about 28%, close to the water content at permanent wilting point.
The mean concentration of soil WEOC was higher in the unfertilized treatment than in the fertilized treatment ( Table 1) , but the differences were only significant (p < 0.05) in November. Trends toward lower WEOC in the fertilized treatment than in the unfertilized treatment suggest that WEOC in fertilized soils might have been metabolized at a greater rate. The WEOC concentrations remained relatively unchanged and low during the plant growth, ranging between 12.52 and 32.13 mg C kg −1 ( Table 1) . Similar results were found by Elmi et al. [14] who reported that WEOC concentration was relatively uniform, ranging from 10 to 30 mg•kg −1 (15 cm depth) in a corn field. The WEOC is a dynamic pool C, controlled by several physical and biological mechanisms. Sorption and desorption are two key processes for WEOC stabilization and production in soils, soluble root exudates and microbial processes can also contribute with dissolved C, and plants and microorganisms can consume WEOC [35] . Then, the variety of factors determining the concentration of WEOC indicates that is difficult to explain its variation over the time in the soil.
Daily Denitrification Rates
Denitrification rates varied greatly throughout the wheat growing season, being more variable in the fertilized treatment (Figure 4 •day −1 on 13 October. This irregular pattern of denitrification rates has been shown by other experiments [36] [37] and was often the result of complex interactions among weather conditions, soil properties and management practices, each having specific effects on denitrification. In fact, the coefficients of variation (CV) of daily measurements ranged from 9 to 157% indicating a high spatial and temporal variability. Several studies showed a large variability of denitrification rates with coefficients of variation ranging from 70% to 379% when they were measured using intact cores and under field conditions [38] - [40] .
Throughout August the fertilized treatment emitted more N 2 O-N than the unfertilized treatment but the daily denitrification rate was only significantly different on 24 August (p < 0.05). During this month, denitrification rate was relatively low (<500 ng N 2 O-N cm −2 •day −1 ) even though the NO 3 -N content was high, particularly in the fertilized treatment, and the WFPS ranged from 50% to 70%. This means that other factors such as temperature and/or availability of C, independent to inorganic N and water content, controlled N 2 O-N losses by denitrification. Previous studies indicate that C availability is the most important limiting factor controlling denitrification, even in soils with low NO 3 -N contents [41] [42] . According to Burton and Beauchamp [43] , soluble organic •day −1 ) measured during the growth period of spring wheat. Vertical bars represent standard errors. Asterisks indicate significant differences between fertilized and nonfertilized treatments (p < 0.05).
C contents greater than 60 -80 mg C kg −1 are required for denitrification. Since the WEOC levels measured during the growing season were less than 32.13 mg C kg −1 , it is possible that C was limiting this process during the crop growth. However, because the WEOC was measured each month and no more frequently, its concentration may not reflect accurately the effect on denitrification rate.
After this initial period, the daily denitrification rate decreased and was very low (<20 ng N 2 O-N cm −2 •day −1 ) during September. Soil water content was low, approaching 33% WFPS during the dry phase from 28 August through 20 September, when the total rainfall was 9.6 mm. However, a second peak of N 2 O occurred on 13 October following an increase in WFPS. The highest peak was recorded in the fertilized soil, after several rainfall events reflected in a WFPS of 70%, and coinciding with an average NO 3 -N content of 25.35 mg N kg −1 . The denitrification rate of the fertilized soil was more than nine times the rate of the control soil, suggesting that N 2 O-N production was driven mainly by NO 3 -N availability since all the other measured soil properties (available C and water content) were similar in both treatments. Previous studies have shown that NO 3 -N would not be the limiting factor unless all other parameters were optimized [44] . Then, NO 3 -N could be limiting when concentrations are lower than 5 -10 mg N kg −1 in a clay loam soil [45] , 20 mg N kg −1 under grassland soil [46] or 40 mg N kg −1 in maize under no-tillage [10] . A small N 2 O-N peak was observed on 8 November in the fertilized treatment, but the emissions were not statistically different (p > 0.05) between both treatments. Towards the end of the wheat growing season, WFPS and NO 3 -N concentration dropped to about 30% and 6 mg N kg −1 ; respectively, while the corresponding denitrification rate decreased to less than 12.7 ng N 2 O-N cm −2 •day −1 . This result was probably consequence to depletion of soil NO 3 -N pool by plant uptake in combination with low water content leading to cessation of denitrification.
The active denitrification during spring appears to have been associated mainly with high soil moisture contents. It has been recognized that O 2 concentrations can affect both synthesis and activity of denitrifying enzymes [47] . Denitrification increases with increases in WFPS and the maximum emission of N 2 O-N by denitrification occurs at WFPS values >60% [34] [48] . A high correlation between the logarithm of daily denitrification rate and WFPS (r = 0.67, n = 90) was found, although nearly all WFPS values are below 60% during the measurement period. On the other hand, although NO 3 -N concentration has been recognized to play a significant role in the regulation of denitrification process [49] , it was not a good indicator of the logarithm of the denitrification rate because the relationship between both variables was weak (r = 0.21, n = 90). Denitrification is maybe more influenced by the diffusion of the NO 3 -N to the active denitrification sites even at a high NO 3 -N concentration [45] than by the concentration of available NO 3 -N.
Cumulative N2O Losses
Cumulative losses of N 2 O-N for the 4-month period were lower for the unfertilized treatment compared with the fertilized treatment, but this difference was not statistically significant (p > 0.05). The high variability in N 2 O-N rates probably overrides the statistical significances of the means. During the wheat season, the fertilized soil had a cumulative N 2 O-N loss of 3.5 kg N 2 O-N ha −1 whereas it was 0.9 kg N 2 O-N ha −1 in the unfertlized soil ( Figure 5) . The results agree with those of Skiba et al. [11] , and Granli and Bockman [50] who found higher total N 2 O losses from the fertilized treatment compared with the control. The emissions of N 2 O-N by denitrification expressed as a percentage of applied N fertilizer were low, 2%, after subtraction of N 2 O-N emissions attributable to the control. For the non-fertilized plots, total N 2 O-N losses were also low but this confirms that there are emissions even without N fertilization due to the potential for N mineralization of this soil.
Most cumulative N 2 O losses in the wheat crop, about 82%, occurred early in the spring probably because of high precipitation, NO 3 -N availability and higher air temperature. This indicates the importance of this period for the evaluation of total N 2 O-N losses from wheat crop, in temperate climate zones.
Denitrification and Its Relationship to Other Loss Processes
In this study, denitrification measurements were performed on a site where other aspects of the N cycle were measured. A previous study reported that ammonia volatilization losses from this soil were low, on average 1.69 kg N ha −1 , which represented 1.5% of the N fertilizer when 120 kg N ha −1 of urea was applied at sowing of wheat ) by denitrification throughout the growing season of wheat (August-mid December) from the control and fertilized treatments.
crop [28] . Using Ceres-Wheat model, it was predicted that NO 3 -N losses by leaching ranged from 12 to 62 kg N ha −1 for rates of 0 to 175 kg N ha −1 ; respectively, while denitrification losses fluctuated between 1.2 and 3.9 kg•N•ha −1 depending on the N rate at sowing of wheat [17] . According to this information, the denitrification process was expected to be a minor pathway of N loss. In fact, the results of this research support this conclusion since N 2 O-N rates measured by acetylene were comparable to those predicted by the model, 0.9 kg N ha −1 and 3.5 kg N ha −1 in the control and fertilized plot; respectively. However, the lack of measurements during the first days immediately after N fertilizer application may have resulted in an underestimation of the cumulative N 2 O-N loss as emissions could have occurred during that period. In addition, weather conditions during the study were drier (350 mm) than the median over the 1971-2003 period (489 mm). This means that a median year could lead to higher N 2 O emissions than those measured in this study due to a higher rainfall.
Conclusions
The peaks of denitrification rate in the wheat crop were observed when N fertilizer was applied and rain was more frequent and intensive. A high correlation was found between daily denitrification rate and WFPS (r = 0.67, n = 90), however, the NO 3 -N soil concentration was not a good indicator of denitrification rate (r = 0.21, n = 90). The accumulative N 2 O loss under spring wheat was not significantly different between the fertilized and control treatments. This is due to the high measured variability of denitrification rates. Denitrification process does not appear to be a major pathway for loss of N from this crop.
Denitrification rates were small considering that they represent 2% of the N added to the soil. Most cumulative N 2 O-N losses occurred early in the spring (82%). Therefore sampling schedules need to focus during this period for wheat crop, in temperate climate regions.
